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Abstract

This study analyzes the temperature profile along the cutting edges of a drill and
describes how the temperature on the chisel edge can exceed the temperature on the primary
cutting edges. A finite element model predicts the temperature distribution in the drill, where the
heat flux loads applied to the finite element model are determined from analytical equations.

The model for the heat flux loads considers both the heat generated on the shear plane and the
heat generated on the rake face of the tool to determine the amount of heat flowing into the tool
on each segment of the cutting edges. Contrary to the conventional belief that the maximum
temperature occurs near the outer corner of the drill, the model predicts that the maximum
temperature occurs on the chisel edge, which is consistent with experimental measurements of
the temperature profile.
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Nomenclature

o rake angle

a thermal diffusivity of tool material

A inclination angle

n chip angle

@ shear angle

0 angle between drill axis and the cutting edge

O density of tool material

Pw density of workpiece material

0] angular velocity of the drill

Cr heat capacity of tool material

Cyw heat capacity of workpiece material

F. component of the force on the ECT in the cutting direction

Fy, component of the force on the ECT in the direction of chip flow

F, component of the force on the ECT parallel to the drill axis

k; thermal conductivity of tool material

ky thermal conductivity of workpiece material

L tool-chip contact length

q total rate of heat generation for a simple cutting tool or an ECT

q " chip  rate of heat flow into the chip per unit area over the tool-chip interface
qpiciion  Tate of heat generation by friction for a simple cutting tool or an ECT
q "iciion  Tate of heat generation by friction per unit area on the tool-chip interface
Qshear rate of heat generation in shear for a simple cutting tool or an ECT

q " 00l rate of heat flow into the tool per unit area over the tool-chip interface
R, fraction of heat generated on rake face that is conducted into the chip
(I-R;)  fraction of heat generated on rake face that is conducted into the tool
T torque contributed by an ECT = (F)(radius)

t time

1 chip thickness

T, ambient temperature

Tonip average temperature of the chip over the tool-chip contact area

Trool average temperature of the tool over the tool-chip contact area

Ty(x,t)  temperature in a semi-infinite body subject to uniform surface heat flux
AT average temperature rise of the shear plane

Veut cutting velocity = (w)(radius)

Venip chip velocity

Vi feed velocity of the drill

w width of cut



1. Introduction

The significance of developing predictive and experimental methods for analyzing the
temperatures of cutting tools has long been recognized. The temperatures associated with the
drilling process are particularly important, because drilling is one of the predominant industrial
machining processes, and heat effects in drilling are generally more severe than in other metal
cutting operations. Drills often experience excessive temperatures, because the drill is embedded
in the workpiece, and heat generation is localized in a small area. The resulting temperatures can
lead to accelerated tool wear and reduced tool life, and they can have profound effects on the
overall quality of the machined workpiece. Drill designers often select the geometrical features
of a drill based on the expected temperature profile in the drill point, so accurate prediction of the
temperature distribution is imperative.

A great deal of research has been performed on this topic, and many previous researchers
have developed models for predicting drill temperature. Hervey and Cook [1] developed a
model for the average temperature along the cutting edges of a drill. DeVries et al. [2]
developed a more sophisticated analytical model for the temperature distribution along the
cutting edges. Agapiou and DeVries [3,4] extended this work and developed an analytical model
for the transient temperature distribution in a twist drill that addressed many of the limitations
inherent in previous models. Their model was based on the calculation of the temperature of the
chip at the tool-chip interface. Their model was then improved by Agapiou and Stephenson [5],
who extended the analytical model to calculate transient and steady-state temperature
distributions for drills with arbitrary point geometries. These analytical models have generally
analyzed the flow of heat and the temperature distribution in the tool by treating the drill as a
semi-infinite body.

Several researchers have developed models that consider the complex geometry of the
drill and combine analytical and numerical methods to calculate the temperature distribution
throughout the drill [6-11]. These methods use finite difference or finite element models to
calculate drill temperature, where the heat flux loads applied to the model are calculated from
analytical equations for the flow of heat into a cutting tool. This combined approach has proven
to be a powerful method that is relatively simple to implement.

Each of the previously developed combined analytical/numerical models for drill
temperature requires an analysis of the amount of heat that flows into the tool over the tool-chip
contact area. In each of these previous models, the calculation of the heat that flows into the tool
consists of two primary steps. In the first step, the amount of heat generated by friction on the
rake face of the tool is calculated, where the heat generated on the rake face is a function of the
product of the chip velocity and the component of the resultant force on the tool in the direction
of chip flow. In the second step, the partition of this heat between the chip and the tool is
calculated. This heat partition is usually calculated using the model developed by Loewen and
Shaw [12]. The heat flux load applied to the tool is determined by multiplying the heat
generated on the rake face by the fraction of that heat that flows into the tool and dividing by the
area of contact.

The temperature distributions along the cutting edges of the drill predicted by these
previous studies [2,3,6-11] share similar characteristics. Each method predicts that the
maximum cutting edge temperature occurs on or near the ends of the primary cutting edges of
the drill. However, these predicted temperature distributions contradict some experimentally
measured temperature profiles.



The experimental measurements of several researchers indicate that either the
temperature is nearly uniform along the cutting edges, or the maximum drill temperature occurs
on or near the chisel edge of the drill. DeVries et al. [2] measured the temperature profile near
the cutting edges using thermocouples embedded in the drill flank. They noted that their
measured temperatures were much larger than the predicted temperatures near the chisel edge,
and in some cases, they measured nearly flat temperature profiles in which the temperatures
increased near the chisel edge. Watanabe et al. [7] measured the drill temperature profile using
an embedded wire tool-work thermocouple and found a nearly flat temperature profile. Mills
and Mottishaw [13] measured the drill temperature profile by examining microstructural changes
in the drill material, and they found that the highest temperatures occurred near the axis of the
drill. Experimental studies by the authors of the current study using drill-foil thermocouples
[14,15] have also revealed that the maximum drill temperature can occur on the chisel edge.

This discrepancy, in which previous models have predicted that the maximum
temperature occurs near the ends of the primary cutting edges, and experimental measurements
reveal that the maximum temperature occurs near the chisel edge, indicates a limitation of the
previous predictive methods. The objective of the current study is to analyze the temperature
profile along the cutting edges of a drill and provide a theoretical explanation for the fact that the
maximum temperature can occur near the chisel edge.

The current study uses a finite element analysis (FEA) to calculate the temperature
distribution in the drill. The heat flux loads applied to the finite element model are calculated
from analytical equations, which is the same general type of approach used in several previous
numerical studies [7-11]. However, the current study develops a different method for calculating
the heat flux loads. Unlike the previous numerical studies, which calculated the heat flux loads
on the drill by assuming they are a fraction of the heat flux generated by frictional shearing on
the rake face of the tool, the current model considers both the frictional heat and the heat
generated on the shear plane.

Contrary to the conventional belief that the maximum temperature of a drill occurs near
the outer corner, the current model and experimental measurements indicate that the maximum
temperature can occur on the chisel edge. This result could have important implications on the
way in which certain drills are designed. Traditionally, performance problems related to
excessive drill temperatures, such as severe build-up in the dry drilling of aluminum, have been
addressed by altering the design of the outer corner of the drill. However, the current research
indicates that the design of the chisel edge portion of the drill could have the greatest effect on
the maximum drill temperature.

2. Model for Drill Temperature

2.1 Finite Element Model of the Drill

This study analyzes the case in which a high-speed steel drill of diameter 9.92 mm
machines a hole in a workpiece of aluminum 319. The temperature distribution in the drill is
calculated using a finite element analysis created with the commercial finite element code
ABAQUS Standard. A three-dimensional finite element model of the drill consisting of eight-
node diffusive heat transfer elements of type DC3D8 is illustrated in Fig. 1. The model is



identical to the drills used in the experiments. The heat that enters the drill is modeled by
applying heat flux to the elements on the chisel edge and primary cutting edges of the drill. All
other surfaces of the model are adiabatic.

Because the temperature of the drill increases near the point but remains relatively
constant near the shank, it is not necessary to model the entire length of the drill. Thus, only
one-third of the drill is modeled in the finite element analysis. The nodes are spaced so that the
elements are small near the drill point, where the temperature gradients are large [8]. The
temperature gradients decrease with distance from the cutting edges, so larger elements are used
for the remainder of the drill. To ensure that the heat flux loads are applied over an appropriately
sized area, the sizes of the elements on the rake face of the primary cutting edges and the chisel
edge are selected based on the calculated tool-chip contact length for each elementary cutting
tool (ECT).

During initial entry of the drill into the workpiece, the drill is not fully engaged, and only
part of the drill performs cutting. Therefore, during the initial entry of the drill, the model
applies heat flux only to those elements that are in contact with the workpiece. As the drill
progresses deeper into the workpiece, heat flux is appropriately applied to elements as they
engage in cutting.

2.2 Analysis of the Heat Flowing Into the Drill

2.2.1 Heat Generated on the Rake Face of the Tool

To calculate the heat flux loads on each of the elements of the finite element model, the
cutting edges of the drill are considered as a sequence of individual, elementary cutting tools. As
shown in Fig. 2, each elementary cutting tool performs a simple metal cutting operation. Thus,
metal cutting theories can be used to evaluate the forces and heat transfer on each segment of the
cutting edge.

The drills used in this study were ground to a prescribed geometry, so all of the
geometrical features, including the rake angle and inclination angle, are known for each ECT. In
addition, the thrust force and cutting force for each ECT are calculated using the mechanistic
model created by Chandrasekharan and coworkers [16,17] and modified by Chen [18], which
considers the variation in cutting geometry along the cutting edges of the drill. Thus, for each
ECT, the thrust force, F,, and the cutting force, F, are known quantities.

As in any metal cutting problem, the majority of the machining energy consumed by each
ECT is contributed by plastic deformation on the shear plane and friction on the rake face of the
tool [19]. Energy is also consumed by other factors, including ploughing, flank wear, and the
creation of new material surface. However, the energy consumed by these other effects is
relatively small. Thus, the total amount of heat generated by each ECT is a function of the rate
of heat generated in shear and the rate of heat generated by friction, and it can be calculated from
the forces acting on the ECT.

q= qshear + qﬁiction =T- o+ Fz : Vf (1)
The rate of heat generated by friction on the rake face of the ECT is given by Eq. (2).
qﬁ’iction = Ff,erhip (2)

Fy, is the force acting on the ECT in the direction of chip flow, which can be related to the
known force components F. and F. using a geometrical analysis of oblique cutting [20]. First,



F,, which is the force on the ECT perpendicular to the plane defined by the cutting edge and the
tool velocity, must be calculated as a function of F. and F..

F +F -a
F't -z ¢ (3)
b
g s?nxl—‘coslsinatann_cose )
sinAsinatann+cosA cosA
b= cosatann cosf Jeos? A—cos 6 5)
~ sinAsinatann+cosd cosA cosA

F}, can then be geometrically related to F; and F., as described by Eq. (6).

Fo_ (cosacos A)-F, +(sina)-F, ©)
7 cos? acosAcosn+sina - (sin/lsinn—i- sinacosﬂ,cosn)
Venip 1s the chip velocity, which can be geometrically related to the cutting velocity [19].

Verio =Veu * cos Asing (7

cos7cos(p—a)

The chip angle is found from Stabler’s flow rule, which states that the chip angle is
approximately equal to the inclination angle. The shear angle, ¢, and the contact length, /., must
also be calculated for each ECT. Relations for ¢ and /. corresponding to a high-speed steel tool
and a workpiece of aluminum 319 are determined from experimental turning test data [21].

¢ =0.3697 -« +0.4667[rad ] (8)

I =427, (9)

2.2.2 Flow of Heat Into the Chip and the Tool

The plastic deformation on the shear plane is also an important source of heat generation
in metal cutting. A portion of this heat enters the chip and raises its temperature, which
subsequently affects the partition of heat as the chip slides along the rake face of the tool. A
schematic diagram of the heat transfer that occurs over the tool-chip contact area appears in
Fig. 3.

This heat transfer problem can be analyzed by making several simplifying assumptions
[3]. The heat generated on the shear plane is assumed to raise the average shear plane
temperature by an amount A7, above the ambient temperature. A heat flux, g jicion, 1S generated
by the frictional interaction between the chip and the tool. Note that g siciion 1S SIMPLY Gficrion
divided by the tool-chip contact area. A net heat flux g .4, enters the chip and changes the
average interface temperature on the chip to 7¢4;,, and a net heat flux ¢ ”;,,; enters the tool and
changes the average interface temperature on the tool to 7},,,. This study idealizes these heat
fluxes and assumes they are uniform over the tool-chip contact area for each ECT. An energy
balance over the interface region requires that the total amount of heat flux generated be equal to
the sum of g s, and q " 1001, as described by Eq. (10).

q"friction = q"chip +q"tool (1 O)
The transient temperature of the rake face of the tool can be estimated by treating the tool

as a semi-infinite body [3]. The temperature rise at a depth, x, below the surface of a semi-
infinite body subject to a uniform, constant surface heat flux, ¢ ”,, is given by Eq. (11) [22].
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T(xt)-T = 9", (a,t/7) exp * |4 Oxerfc al (11)
k 4ot )k 2 Jat

t t

Thus, the average temperature of the tool over the tool-chip contact area at time # can be
estimated using Eq. (12).

T;oal = To +2q"malw ﬁ (12)
tr-tt

The average temperature of the chip over the tool-chip contact area can be estimated
using Jaeger’s solution for the average temperature beneath a frictional slider dissipating uniform
heat flux as it slides with constant velocity over the surface of a semi-infinite body [12]. Thus,
the average temperature of the chip over the tool-chip contact area can be estimated from Eq.

(13).
T

chip

/
=T +AT +0.754-¢", |——— 13
o K q chip Vchipkwpwcw ( )
Note that the average interface temperature of the tool must be equal to the average
interface temperature of the chip [12]. Setting Eq. (12) equal to Eq. (13) and inserting Eq. (10)
leads to the following expression for the heat flux into the tool.

AT +q",.. L

friction

chip (14)

n —_
q tool —

The parameters, L., and Ly, are defined in Eq. (15) and Eq. (16).

/ /
L, =0754 | ——— 15
i Vchipkwpwcw ( )

t
(16)
ﬂ-ktptct

L,,=2

tool —

Note that in the current analysis, the heat flux into the tool is a function of both the shear
plane temperature and the heat generated by the frictional interaction between the chip and the
tool. Therefore, the heat flux loads applied to the FEA of the drill in the current study differ
from those applied to the drill in previous numerical studies of drill temperature, which assumed
the heat flux into the drill is simply a fraction of the heat flux generated by friction on the rake
face of the tool.

The heat flux into the chip is given by Eq. (17). Note that the current analysis allows for
the possibility that heat may flow either into or out of the chip over the tool-chip contact area. If
the quantity q "siciionLsoor 15 larger than AT, then heat will flow into the chip over the tool-chip
interface. However, if AT is larger than the quantity q "jiciionLiool, then the chip will lose heat
over the tool-chip contact area.

" _ q"fr[ctinn Lmal - ATv

q chip
o Ltoal +L

The current study estimates A7 using the analytical equations presented by Agapiou and
DeVries [3], which calculate the transient temperature in the shear zone using the classical
frictional slider model that treats the workpiece as a semi-infinite solid.

(17)

chip



3. Results

The model described above is used to calculate the temperature distribution in a drill
during the drilling process. The heat flux loads applied to the drill are calculated using Eq. (14).
This study analyzes the case in which a high-speed steel drill of diameter 9.92 mm produces a
hole in a workpiece of aluminum 319 to a depth of 25 mm using a speed of 998 rpm and feed of
124 microns per revolution. The predicted temperature rises at each of the nodes along the chisel
edge and primary cutting edges of the drill are plotted as the solid dots in Fig. 4. In addition, to
illustrate how the temperature distribution predicted by the current model differs from that
predicted by previous methods, another simulation is performed using heat flux loads that are
calculated using Eq. (18). The previous numerical studies of drill temperature calculated the heat
flux loads on the drill using an expression similar to Eq. (18).

(1=R,)F, V., . 0sR, <1 a8)
[.w

R; is defined as the fraction of the friction heat that flows into the chip. (1-Ry) is the
fraction of the friction heat that flows into the tool and is usually calculated using the model
developed by Loewen and Shaw [12]. Because R, represents a fraction, it is restricted to values
between 0 and 1.

It is interesting to note the similarity between the current analysis of the heat flux on the
tool and that of Agapiou and DeVries [3]. If the expression for R, developed in their analysis
were inserted into Eq. (18), and if the restriction were removed so that R, could take on any
value, then the resulting equation would be nearly identical to Eq. (14). In other words, the only
significant difference between the analysis of the heat flux developed in the current study and
that developed by Agapiou and DeVries [3] is that the current study avoids the intermediate
term, R».

The temperature rises at each of the nodes along the cutting edges predicted using Eq.
(18) are plotted as the open triangles in Fig. 4. The solid line in the figure represents the
temperature distribution along the cutting edges measured using a drill-foil thermocouple [14],
which measures the electromotive force generated between the cutting tool and an insulated foil
embedded in the workpiece. By calibrating the measured voltage with the temperature at the
interface of the dissimilar metals, the temperature profile along the entire cutting edge is
determined as the drill point passes through the foil. All of the data in Fig. 4 correspond to a
drilling depth of 25 mm.

The current analysis is a simplified treatment of the heat generated in the metal cutting
process and is based on a large number of assumptions. For example, the analytical equations
treat the bodies as semi-infinite solids, the temperature dependence of the thermal properties of
the tool and workpiece are neglected, and rubbing on the drill flank is ignored, to name but a
few. Therefore, as is typical of models for drill temperature, the current model is unable to
accurately predict the magnitude of the temperature rise for a general drilling scenario.
However, recall that the current study is primarily concerned with the shape of the temperature
profile and the location of the maximum temperature. Therefore, the predicted and measured
temperature profiles are presented in a different manner in Fig. 5. In this figure, each of the
temperature profiles has been normalized by dividing by the corresponding average temperature
on the primary cutting edges. The predicted normalized temperature distributions throughout the
drill point are illustrated in Fig. 6.

q"toul = q”friction (1 - RZ ) =



As shown in Fig. 5 and Fig. 6, the shape of the temperature profile along the cutting
edges predicted by the current model is similar to the measured temperature profile. In both the
measured profile and the profile predicted using the current model, the maximum temperature
occurs on the chisel edge, and the temperature decreases with radius and reaches its minimum
value near the ends of the primary cutting edges. In contrast, the temperature profile predicted
by the method used by previous researchers presented in Eq. (18) has a very different shape. In
this profile, the temperature on the chisel edge is significantly lower than the temperature on the
primary cutting edges.

In summary, the current model predicts a temperature profile in the drill point that is
consistent with experimental data, in which the maximum temperature occurs on the chisel edge
[13,14]. In contrast, simulations that are based on the method presented in previous studies, in
which the heat flowing into the tool is simply assumed to be a fraction of the heat generated by
friction on the rake face of the tool, predict that the temperature on the chisel edge is
significantly lower than on the primary cutting edges. In the chisel edge area, the heat generated
by the frictional interaction between the chip and the tool is relatively small, because the chip
velocity and the cutting torque are small. However, the shear plane temperature is often larger
on the chisel edge than on the primary cutting edges, and a portion of the shear plane heat can be
transferred into the tool via the chip. For example, for the drilling scenario discussed above, the
predicted shear plane temperature resulting from the negative rake angle on the chisel edge is
approximately 370 °C, but the predicted shear plane temperature on the primary cutting edge
ranges from only 150 °C to 200 °C. The larger shear plane temperature results in greater
preheating of the chip at the shear plane, with the result that more heat flows into the drill on the
chisel edge. Therefore, accurate prediction of the shape of the temperature profile in the drill
requires consideration of both the heat generated on the shear plane and the heat generated by the
frictional interaction between the chip and the tool.

4. Conclusions

This study analyzes the temperature profile along the cutting edges of a drill and provides
a theoretical explanation for the fact that the maximum temperature can occur near the chisel
edge. Analytical equations are developed to calculate the heat flux loads applied to a finite
element model of the drill. For each of the elementary cutting tools on the drill, the heat
generated on the shear plane directly affects the temperature of the chip at the shear plane and
the flow of heat at the rake face of the tool. The drilling scenario analyzed in this study
exemplifies that the manner in which this heat source is treated in the analysis affects the shape
of the predicted temperature profile along the cutting edges. In this study, the results predicted
by the model are consistent with experimental observations, in which the temperature near the
chisel edge is larger than on the primary cutting edges.
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Fig. 1. Finite element model of the drill and the heat flux loads
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Fig. 2. Elementary cutting tools along the cutting edges of the drill
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Fig. 3. Schematic diagram of the heat transfer over the tool-chip contact area
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Fig. 4. Measured and predicted temperature profiles along the cutting edges of the drill at a
drilling depth of 25 mm
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Fig. 5. Measured and predicted normalized temperature profiles along the cutting edges of
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Fig. 6. Predicted normalized temperature distributions in the drill point at a drilling depth
of 25 mm using Eq. (14) [left] and Eq. (18) [right]
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